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The response of individual cells to cellular stress is vital for cellular functioning. A large network of physically interconnected cellular
components, starting from the structural components of the cells' nucleus, via cytoskeleton filaments to adhesion molecules and the extracellular
matrix, constitutes an integrated matrix that functions as a scaffold allowing the cell to cope with mechanical stress. Next to a role in mechanical
properties, this network also has a mechanotransductional function in the response to mechanical stress. This signaling route does not only regulate
a rapid reorganization of structural components such as actin filaments, but also stimulates for example gene activation via NFκB and other
transcription factors. The importance of an intact mechano-signaling network is illustrated by the physiological consequences of several genetic
defects of cellular network components e.g. actin, dystrophin, desmin and lamins. These give rise to an impaired response of the affected cells to
mechanical stress and often result in dystrophy of the affected tissue. Recently, the importance of the cell nucleus in cellular strength has been
established. Several new interconnecting proteins, such as the nesprins that link the nuclear lamina to the cytoskeleton, have been identified.
Furthermore, the function of nuclear lamins in determining cellular strength and nuclear stability was illustrated in lamin-knock-out cells. Absence
of the A-type lamins or mutations in these structural components of the nuclear lamina lead to an impaired cellular response to mechanical stress
and disturbances in cytoskeletal organization. In addition, laminopathies show clinical phenotypes comparable to those seen for diseases resulting
from genetic defects in cytoskeletal components, further indicating that lamins play a central role in maintaining the mechanical properties of the
cell.
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Cells are flexible building blocks of tissues that interact with
other cells in a dynamic fashion. These systems can be
continuously subjected to various forms of mechanical stress,
such as deformation by compression and stretching. While
stress on muscle cells is obvious, also surrounding cells, such as
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doi:10.1016/j.bbamcr.2006.09.018sion forces during muscular activity. Cells must be able to cope
with this stress to survive and exert their function in a normal
manner. It has become clear that animal cells exhibit a
considerable mechanical rigidity (stiffness) through their
cytoskeleton [1,2]. One of the theories explaining this stiffness
is cellular tensegrity, a structural model for the mechanical
properties of the living cell. In this model the cell is designed as
a prestressed tensegrity structure [1–6], in which the cytoske-
leton forms an internal scaffold that can absorb the mechanical
loading of the cell. In the tensegrity model, tensional forces
originate from microfilaments and compressional forces are
exerted on microtubules [1,2,7]. In this model, the cytoskeleton
is not static but flexible and adjustable so that it can adapt to
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interconnected structures of the cytoskeleton form an equili-
brium, a balance of internal forces of tension and compression.
This structure thus functions as a scaffold that can resist external
mechanical forces [8]. It is generally suggested that the
microfilaments function as tension elements that will make
the cell more stiff and rigid in response to stretch. In contrast,
microtubules function as compression elements, stiffening the
cell during compression [1,2]. For optimal force transmission
towards the cells' nucleus, prestress in the intact cytoskeleton
cell is a prerequisite [9].
However, not only the cytoskeleton plays an important role
in the response to mechanical stress. Cells interact with each
other and with the extracellular matrix through cell adhesion
proteins, thereby transmitting stress onto neighbouring cells
throughout the tissue, and within the cell from the cellular
membrane towards the nucleus. Next to their mechanical role,
cell adhesion molecules tranduce stress signals, thus function-
ing as mechanoreceptors [10]. This mechanotransduction
mechanism can induce a whole series of cellular responses,
such as formation of stress fibers and activation of genes for
stress proteins, which will help the cell to resist the mechanical
loading [11].
Recent studies indicate that also the structural integrity of the
nucleus plays an important role in the resistance against
mechanical stress. Next to the nuclear membrane, the nuclear
lamina, and the lamina-associated proteins seem to be
determining factors for resistance to stress. This can be derived
from the fact that different mutations in the genes for lamina
proteins such as A- and B-type lamins, and emerin are
associated with a series of pathologies, collectively named the
laminopathies (for a recent review, see [12]), that are amongst
others characterized by a reduced resilience to mechanical
stress. Next to the mechanical disruptions, also changes in the
signaling pathways and the regulation of gene expression can be
observed in these pathologies.
This review focuses on the interactions between the nuclear
lamina and the cytoskeleton, and its subsequent influence on
cellular adhesion.
2. Mechanical strength of cells
2.1. The nuclear lamina and intranuclear structures
Lamins are type V intermediate filament proteins that
associate with the inner nuclear membrane and form the
meshwork of the nuclear lamina [13]. Lamin proteins consist of
a central helical rod domain and a globular head and tail
domains. A nuclear localization signal (NLS) in the tail domain
of the protein directs the whole protein towards the inner
nuclear membrane.
Two types of lamins exist in eukaryotic cells, i.e. the A-type
lamins (lamins A, AΔ10, C and C2), and the B-type lamins (B1,
B2 and B3) [14–20], which differ in their expression patterns.
While A-type lamins are expressed in several cell types upon
differentiation [21–24], B-type lamins are expressed in virtually
all cell types, both embryonic and adult [21,23,25]. This impliesthat the role of the B-type lamins in the cell seems to be vital,
which can also be concluded from the fact that mutations in the
lamin-B gene (LMNB) are not compatible with life [16,26].
Mutations in the lamin-A gene (LMNA) are associated with
several types of laminopathies [27].
The expression patterns and importance for cell survival of
these two main lamin subtypes support the assumption that B-
type lamins are the fundamental building blocks of the nuclear
lamina, while A-type lamins have more specialized functions
[28].
The lamina is essential for the maintenance of nuclear
shape and size [20] and for correct intra-nuclear mechan-
otransduction [29–31]. Because the nuclear structure accounts
for most of the mechanical stiffness of a cell [32,33], the
maintenance of structural integrity of the nucleus will be an
important factor for the cells' capacity to endure mechanical
stress.
The lamina network generates a certain nuclear stiffness
[31,34], because several proteins like nuclear actin and emerin
stabilize this network and ensure an adequate response to
compression and mechanical stress [35–37].
Lamins are also present in the nucleoplasm [38,39], nuclear
bodies [40] and in tubular invaginations of the nuclear envelope
[41–45]. The exact function of these structures remains unclear,
but they may play a regulatory role in DNA-replication and
DNA-transcription, or in structural support.
The connection between nuclear actin and protein 4.1 (which
can link microfilaments and short actin strands to membranes)
[46–49], with lamins A, B and C, and emerin, indicates that
nuclear actin is likely to participate in the organization of the
nucleoskeleton, in the maintenance of cellular integrity and the
response to mechanical injury [36,37].
The lamin proteins are also important for the correct
distribution of other lamina proteins (see Fig. 1), as well as
several nuclear membrane associated proteins [30] (see Fig. 2).
2.2. The nuclear membrane and associated proteins
At the nuclear membrane, several proteins form connections
with the underlying lamina structure on the one hand or the
cytoskeleton on the other. These proteins are called Nuclear
Envelope Transmembrane (NET) proteins. Amongst these are
several that are likely to participate in the mechanical integrity
of the cell and nucleus:
(A) Lamina Associated Polypeptides (LAP) are a super-
family of type II integral membrane protein [50]. The LAP2
family, with six isoforms, is best characterized. Members of it
bind primarily to B-type lamins which is critical for the survival
of the cell [51,52]. One isoform (LAP2α) lacks a transmem-
brane domain and binds to A-type lamins in the nucleoplasm
[53,54].
(B) Emerin is a type II integral membrane protein that can
bind to all types of lamins [55–57]. It helps to maintain the
mechanical integrity of the nucleus, since mutations in the
emerin gene induce impaired mechanotransduction [58], leading
to Emery–Dreifuss muscular dystrophy [59,60], one of the
known laminopathies.
Fig. 1. Distribution of Lamin B1 in wildtype (+/+) and Lamin A/C deficient
(−/−) human fibroblasts. Note partial absence of lamin B1 in an area of the
nucleus. All scale bars are 10 μm.
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which binds to lamins in a manner similar to emerin [61].
The binding of these 3 proteins i.e. LAP2, emerin andMAN,
to the lamin proteins occurs through a ∼ 40 residue conserved
LEM domain [62].
(D) The Lamin B Receptor (LBR) is also located at the inner
nuclear membrane. LBR is essential for fetal development [63],
although it is as yet unclear whether this is through its functionFig. 2. Distribution of lamin-associated nucleoporin (p62) and emerin in wildtype (+
p62 in large areas of the nucleus in A-type lamin deficient cells. In these cells emeras a sterol reductase or through its putative role in anchoring
chromatin to the nuclear envelope [64].
The described NET proteins are transmembrane proteins in
the inner nuclear membrane, which bind to the lamin fila-
ments and thus form part of the nuclear lamina [65]. Through
their binding with lamins, these proteins are properly orga-
nized and retained in the inner nuclear membrane [66]. In
cells lacking A-type lamins, several proteins associated with
the nuclear membrane (like emerin and P62 nucleoporin) are
mislocalized, indicating that their connection with lamin A/C
is necessary for the correct distribution of these proteins [30]
(see Fig. 2).
Next to the connection between the inner nuclear membrane
and the nuclear lamina, the nucleus is also connected to the
cytoskeletal filaments through linker proteins. While the
existence of these linker-proteins has long been suggested,
their exact nature and structure are still matter of discussion.
The recently discovered Nesprin and SUN proteins are good
candidates for the link between the nuclear lamina and nuclear
membrane on the one hand and the cytoskeleton on the other
hand.
(E) Nesprins are high molecular weight proteins asso-
ciated with the nuclear membrane [67,68]. Three different types
are currently described: Syne-1/Myne-1/Nesprin-1/Enaptin and
Syne-2/Myne-2/Nesprin-2/NUANCE [67,69–71], and Nesprin-
3 [72]. Nesprin isoforms associate with the inner or outer/+) and lamin A/C deficient (−/−) mouse and human fibroblasts Note absence of
in is localized to the endoplasmic reticulum. All scale bars are 10 μm.
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(Klarsicht/ANC-1/Syne-1 homology) at the carboxy-terminus
[68,73,74]. The KASH-domain consists of a transmembrane
region that is essential for the localization of nesprin to the
nuclear membrane, and a small (less then 35 residues) luminal
region that is located in the perinuclear space [73].
Nesprins can translocate from the outer to the inner nuclear
membrane through the nuclear pore membrane, but there is a
restriction in size. The larger isoforms of nesprin-1 and -2
cannot translocate into the nucleus and are therefore only found
in the outer nuclear membrane [75].
When nesprins are associated with the outer nuclear
membrane, the amino-terminus is exposed towards the
cytoplasm and binds to microfilaments [68,70] and intermediate
filaments [72]. As such they connect the nucleus to the
cytoskeleton [6,76] and consequently to adhesion complexes at
the plasma membrane [77]. This anchorage of the nuclear
membrane to the cytoskeleton is essential for migration and
correct localization of the nucleus inside the cell. Nesprins at the
inner nuclear membrane (smaller isoforms) bind to lamin A/C
and emerin [78,79] through their spectrin repeats in the
carboxy-terminus, and – as such – interact closely with the
nuclear lamina.
(F) SUN-proteins are the second group of proteins that are
part of the complex linking the nucleus to the cytoskeleton
[74,80]. They are associated with the inner nuclear membrane,
with their carboxy-terminus in the perinuclear space, and their
amino-terminus in the nuclear interior. The carboxy-terminus
contains the evolutionary conserved SUN-domain (Sad1/UNC-
84 homologue) [79,81,82], which in C. elegans forms the
connection between ANC and UNC-84 [76]. However inFig. 3. Compression of wild-type (+/+) or A-type lamin deficient (−/−) human fibrob
with a normal lamina (+/+) deform anisotropically, while nuclei of fibroblasts with L
from the cytoskeleton, deform isotropically. All scale bars are 10 μm.human cells, this SUN-domain is not important for the binding
of the KASH-domain of nesprin-2 to the SUN-proteins. Instead,
this is mediated by the so-called SD2 domain of the SUN1
protein [79]. Which domains are needed to connect the other
human isoforms of nesprins and SUN-proteins, remains to be
discovered. SUN proteins are necessary for the correct
localization of nesprins to the nuclear envelope [79], and can
directly bind to lamins A/C.
The whole complex, formed by nesprins and SUN-
proteins, is called the LINC-complex (LInker of the
Nucleoskeleton and the Cytoskeleton), and connects the
nuclear envelope with both the nucleoskeleton and the
cytoskeleton [83]. The interaction of the KASH-domain of
nesprins and the SUN proteins is fundamental for the
formation of this complex [83].
The importance of the link between the nucleus and the
cytoskeleton for the cellular response to mechanical loading
becomes evident using a single cell compression device [30].
When subjected to compressive forces, nuclei of wild-types
cells deform in a anisotropic manner, i.e. perpendicular to
the growth direction of the cell [84]. This typical behaviour
is most likely caused by nucleus–actin interactions. In
contrast, nuclei of A-type lamin-deficient cells deform
isotropically, i.e. upon compression they show equal
expansion of the nucleus into all directions (Fig. 3),
indicating the loss of connectivity between the nucleus and
the cytoskeleton.
If nuclei are physically disconnected from the cytoskeleton
and isolated from the whole cell by mechanical force, they all
deform isotropically, whether the nuclei are lamin-deficient or
not.lasts and isolated nuclei of Mouse Embryonic Fibroblasts. Nuclei of fibroblasts
amin A/C deficiency deform isotropically. Isolated nuclei, that are disconnected
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embedded in the cytoskeletal structure surrounding the nucleus,
forming strong connections and thus forming one entity that
responds to external mechanical forces and protects the nucleus
against mechanical forces (see Fig. 3).
2.3. The cytoskeleton
In the tensegrity model, the filaments of the cytoskeleton
form the most important part of the prestressed mechanical
structure in the cell. They are connected to the plasma
membrane through the cell adhesion molecules, and to the
nucleus through the nesprin- and SUN-proteins (Fig. 4).
In comparison to microtubuli, the microfilaments can cope
with a relatively high degree of mechanical stretch with only a
mild deformation, but like microtubuli they do rupture easily
[85]. Actin filaments provide structural support to the cellularFig. 4. Alterations in the cytoskeletal structures in Lamin A/C deficient (−/−)
mouse fibroblasts, compared to wild-type (+/+) fibroblasts. Note irregularities in
actin, tubulin and intermediate filament networks in −/− cells. All scale bars are
10 μm.plasma membrane, due to their interaction with proteins in the
plasma membrane. Furthermore, microfilaments link to ele-
ments of the extracellular matrix. When cells experience new
conditions and external stress, actin can be repolymerized into
new structures in order to cope with these changes. For
example, a cell under mechanical stress will form stress fibers
that predominantly contain actin [86]. These stress fibers help in
maintaining the cell shape and a certain level of cellular stiffness
during the mechanical loading [85,87,88]. Rearrangement of
these stress fibers is regulated by several signaling proteins (see
below).
The stiffness of the actin filaments can vary by small changes
in cross-linking between the individual filaments [89] and in
actin-associated proteins [90,91]. Next to the structural role of
actin, several mechanosensory and mechanotransduction path-
ways can be activated by mechanical stretch of the fibers [92].
Both the actin filaments and the actin-associated proteins can
act as sensors for stretch or compression [93] (see below).
Microtubules play an essential role in the internal cellular
organization and localization of the cell organelles [94] such
as mitochondria and the nucleus. They function as a scaffold
for internal transport of vesicles and cell organelles [95–98].
Motor proteins like kinesin, dynein [99] and Hook3 [100]
connect to vesicles and move these in both directions along
the microtubular network. During mitosis, the microtubules
play an essential role in the formation of mitotic spindles,
crucial for dividing the chromosomes over de daughter cells
[101].
In comparison to microfilaments and intermediate filaments,
microtubules are more fragile when subjected to repeated
compression and stretching [85,102,103].
Microtubules regulate the response of the cell to mechanical
stress. As the actin network provides the pre-stress balance, a
disturbance of this balance due to an external mechanical stress,
can affect the microtubular structure and thus change the stiffness
of the cells. This reorganization can soften or hardenmicrotubules
depending on the extent of the cell distension [103–106].
In contrast to the other cytoskeletal proteins, intermediate
filaments can withstand larger mechanical stress without
rupturing [85], making them an essential factor in maintaining
cellular integrity [85].
Within the cytoskeleton, they interact with the other
cytoskeletal elements and mediate signaling events, interact-
ing with several protein kinases [107–109]. The linker protein
plectin plays an essential role in linking intermediate
filaments to each other, to the other elements of the
cytoskeleton [110,111], to the nuclear membrane (through
nesprin) [72] and to the adhesion complexes in the plasma
membrane [112].
The cytoplasmic intermediate filaments are essential for the
correct mechanical functioning of the cell, which has become
obvious from studies in patients with genetic defects affecting
intermediate filaments [113–116].
Next to the cytoplasmic intermediate filaments, the
nuclear intermediate filaments consisting of lamins play an
important role in the mechanical behavior of nuclei and cells,
as above.
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Cell adhesion molecules are located at the cellular plasma
membrane and are part of the mechanically balanced system of
the cell and tissue. Next to their mechanical role, cell adhesion
molecules play an important role in ‘sensing’ mechanical stress
and in transducing stress signals towards the cytoskeleton and
the nucleus (mechanotransduction).
Cell–cell adhesion molecules include the connexins and
cadherins, while cell–matrix interactions, which are critical for
cellular adhesion and force transduction towards the extra-
cellular matrix, involve the integrins.
Connexins are connected to the cytoskeleton through
connective proteins such as drebin [117], suggesting that the
formation and the maintenance of connexons depend on a well
functioning cytoskeleton. On the other hand connexins help
maintain the structure of the cytoskeleton by linking it to the
plasma membrane [117–119].
Cadherins are calcium-dependent plasma membrane-asso-
ciated cell adhesion molecules that can be divided into 4 main
groups, the E-cadherins (epithelia), the P-cadherins (placenta,
epidermis), the VE-cadherins (endothelial cells) and the N-
cadherins (nervous tissue, cardiac and skeletal muscle tissue,
fibroblasts) [120].
Cadherins are connected to the actin cytoskeleton through
catenin proteins and have a designated role in the mechan-
otransduction through the activation of stretch-sensitive calcium
channels and the transduction of forces onto the cytoskeleton
[121,122].
Interaction of cells with the extracellular matrix is mediated
through integrin molecules [123–126]. These consist of two
transmembrane glycoprotein subunits, the α- and β-subunits
[127], for which many isoforms are described. Integrins
connect the cytoskeleton to the extracellular matrix such that
mechanical stress can be conferred from the cytoskeleton to
the extracellular matrix, and vice versa from the extracellular
matrix to the cytoskeleton [4,128]. The connection of the
integrins with the different elements of the extracellular matrix
(e.g. collagen, laminin, fibronectin) is specific for different
combinations of α- and β-subunits. Integrins are integrated in
signaling pathways [129], in such a way that they can
transduce the stress signal in a biochemical and in a
mechanical way.
2.5. Mechanical properties of the cell
As described above, cells contain one interconnected
scaffolding network connecting the structural proteins in the
nucleus via the nuclear membrane to the cytoskeleton, cell
adhesion molecules and the extracellular matrix (see Fig. 5).
The integrity of such a complex network is essential for the
transmission of mechanically induced signals from the plasma
membrane and adhesion molecules via the cytoskeleton back
to the nuclear matrix (see Fig. 6). It thus generates an
appropriate nuclear response to cope with the mechanical
stress. This response can in turn induce changes in the
cytoskeleton and in the adhesion complexes. As such not onlythe cytoplasm but the whole cellular structure functions as the
pre-stressed scaffold, as described in the tensegrity model
[1,2]. All the individual elements form one interacting
mechanical entity that cannot function properly if one the
elements is deleted or becomes disfunctional. This can for
example be appreciated in the genetic disorders affecting the
cytoskeletal structures. Mutations of elements of the cytoske-
leton such as actin filaments [130,131] and intermediate
filaments [113] [27,114–116,132], mutations of cell adhesion
proteins [133–135] and of linker proteins such as plectin
[136] and dystrophin [137,138] all give rise to comparable
clinical features [139] i.e. dystrophy of the affected tissue and
a decreased mechanical strength of the cell. Also, mutations in
the nuclear lamina structure give rise to alterations in the
cytoskeleton [30] (see Fig. 4).
Next to the pure mechanical properties of this complex, there
is also biochemical activity within these structures, giving rise
to a balanced response of the cell to external mechanical
loading. This signaling process that includes these mechanical
factor is called mechanotransduction.
3. Mechanotransduction and signaling proteins
When a cell receives an external stress signal, it acts by
a mechanical response via the adhesion molecules and the
cytoskeleton, triggering a signaling cascade throughout the
cell, ultimately leading to the transcription of stress-
induced genes. For example, functional hemi-channels of
connexins can respond to mechanical stress (mechanosen-
sitivity), leading to intracellular calcium waves and the
release of ATP from the cells into the extracellular
environment [140–142].
The most important signaling pathway that is activated in
response to mechanical stress is undoubtedly that of the Rho
GTPases. When cells are mechanically loaded, Rho GTPases
are activated by extracellular agonists or by interaction with
activated adhesion molecules [143,144]. Rho-GTPases com-
promise Cdc42, Rho and Rac, with extracellular agonists of
these proteins being bradykinin (acts on Cdc42), Platelet-
Derived Growth Factor (acts on Rac) and lysophosphatic acid
(acts on Rho) [143]. Rho-GTPases can also activate each other.
For instance, Cdc42 activates Rac, which subsequently
activates Rho. Upon activation, Rho-GTPases direct the cells’
response to mechanical loading by cytoskeletal rearrangement
and migration of the cell. To achieve this they activate a whole
series of secondary messengers such as phosphatidylinositol 3-
kinase and P21-activated kinases like PAK1, Par6 and protein
kinase C [145–148].
Signal transduction through the above-mentioned mole-
cules evokes pronounced structural changes, especially in
actin filament organization [143,149–151]. Rho activates the
formation of actin stress fibers and adhesion complexes by
clustering of integrins and associated proteins. Rac and
Cdc42 promote actin polymerization in the formation of
lamellipodia and membrane ruffles, or filopodia and
microspikes, respectively. Cdc42 promote depolymerization
of actin stress fibers at the site of cell protrusions. The
Fig. 5. Schematic representation of cellular structures involved in maintenance of the mechanical integrity of the cell. The main cytoskeletal components
(microfilaments, microtubules and intermediate filaments) are key elements in linking the cellular surface to the nucleus. Cell adhesion molecules (such as cadherins
and integrins) bind to the cytoskeleton through linker proteins, in this way forming connections to adherent cells or to the extracellular matrix. On the other side, the
cytoskeleton is linked to the nuclear membrane (and the underlying nuclear lamina) through nesprins and SUN-proteins. The human proteins involved in connecting
the MTOC and microtubules to the nucleus (X) are not yet identified, while in C. elegans, this binding is achieved by UNC-83 and ZYG-12. All the elements form one
mechanical network that functions as a prestressed scaffold that can withstand mechanical stress.
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determination of cell polarity and motility processes
directing the cell away from external stress factors. Next
to the effect on the actin cytoskeleton, Rho-GTPases also
affect microtubular dynamics [152]. Microtubules are
directed towards the direction of cell migration and add to
the creation of cell polarity. Also the localization ofcentrosomes, from which the microtubules extend, is
controlled by Rho-GTPases [153–155], which is independent
of microtubular stability [155], and vimentin intermediate
filaments can be reorganized by Rho GTPases [147].
Coordinated by the microtubules and mediated by Cdc42,
the nucleus will rotate and translocate during mechanical
stress [154].
Fig. 6. Schematic representation of mechanical response in a mechanically loaded cell. The pre-stress situation of the cytoskeletal fibers differs between actin filaments
which are stretched due to internal tension forces (black arrow), and microtubules which are compressed due to internal compression forces (red arrow). As these
structures are linked to the cadherins and integrins, they will withstand the external mechanical stress that is exerted onto the cell. Also the nucleus plays an role in the
maintenance of the cell during mechanical loading, through their connection to the cytoskeleton. These connections are formed by nesprins and SUN-proteins. As a
whole, all the different mechanical elements (adhesion molecules, cytoskeleton and the nucleus) form a balanced tensegrity structure that can resist and respond to the
external mechanical forces. For clarity, not all linker proteins, as shown in Fig. 5, are visualized.
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nucleus and of the centrosome, Rho GTPases affect the
transcription of stress-activated genes [58,156–159]. Following
activation by mechanical stimulation, mechanosensitive genes
like egr-1 and iex-1 regulate cell growth and apoptosis. Also,
the NFκB regulated stress response pathway is attenuated [29].
4. Consequences of lamin deficiency
In lamin deficient cells, disturbances can be found in several
structural components of the cell. First, in the nucleus of such
cells, abnormally shaped nuclear envelopes showing hernia-
tions or honeycomb structures of the lamina and the lamin-
associated proteins can be found [160,161]. This is associated
with mechanically weakened nuclei that rupture more easily
under mechanical loading [29,30,58]. But these effects on the
nuclei do not completely explain the massive effects observed in
affected tissues, in which the coordinated cellular response is
lost. This implies that a link must exist between the deregulation
of the nuclear lamina, and the effects on the whole cell and
affected tissue.
Three models have been proposed to explain the link
between the mutation of the LMNA gene and the observed
pathologies.
(A) The ‘gene regulation’ hypothesis states that particularly
A-type lamins play a regulatory role in specific DNA-
transcription by activating mechanosensitive genes.(B) The ‘structural’ hypothesis states that lamins play an
essential role in the structural integrity of the nucleus and
thus in the structural integrity of the whole cell, via
connections between nuclear lamina, cytoskeleton and
extracellular matrix [29,30,162]. This model implies also
that the nuclear lamina plays a crucial role in the pre-
stressed tensegrity model of mechanical balance in the
cell. Next to the purely mechanical link between these
structures, there is also a biochemical (signaling) link
[29,30] and as a result lamina changes can result in
disturbed signaling cascades.
(C) The third hypothesis stipulates that the disturbance of the
lamina results in impaired DNA repair, giving rise to
premature aging of cells and tissues [163].
The three hypotheses do not exclude each other. Different
mutations in the lamin gene might affect either the genetic
pathway, the mechanical pathway, or both, in different ways.
5. Conclusions
The tensegrity model, in which a pre-stressed construction of
nucleoskeletal proteins functions as a scaffold to resist external
mechanical stresses, is based on the correct function of both the
cytoskeleton and the nucleoskeleton. The nuclear lamina plays a
pivotal role in both maintaining of nuclear structure and in the
correct organization of cytoskeletal and adhesion structures in
the cell.
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